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Photoelectrochemical Water Splitting
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*N'\'='- Photoelectrochemical Conversion
Goals and Objectives

The goal of this research is to develop a stable, cost effective,
photoelectrochemical based system that will split water using sunlight as the

only energy input, with a solar-to-hydrogen efficiency of 10% with a 10-year
lifetime. Our objectives are:

“ Identify and characterize new semiconductor materials that have appropriate
bandgaps and are stable in aqueous solutions.

% Study multijunction semiconductor systems for higher efficiency water
splitting.

“* Develop techniques for the energetic control of the semiconductor electrolyte
interphase.

% Developing techniques for the preparation of transparent catalytic coatings
and their application to semiconductor surfaces.

% Identify environmental factors (e.g., pH, ionic strength, solution composition,
etc.) that affect the energetics of the semiconductor, the properties of the
catalysts, and the stability of the semiconductor.
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Band Edges of p- and n-Type
Semiconductors Immersed in Aqueous
Electrolytes to Form Liquid Junctions

Econduction
w
p-type _ _

ot 2H,0 +2e7=20H+H_#

Evalence\ A

VY
-

Ec:onducticM D V Q

H,4 n-tyne H,O +2h"=2H"+1/20, 4

’t \\
\\‘ ,’hl? Evalence



»

=
« »NI=I
S= o -
National Renewable Energy Laboratory

Material and Energetic Criteria

Band Gap (E

) must be at
least 1.6-1.7 eV

A H,O/H,

*Band Edges must straddle H,O
E redox potentials

9 1.23 eV

1.6-1.7 eV *Fast charge transfer

Counter

Electrode _ :
*Stable in aqueous solution

N . H,0/0, _ All must be
y 0000 satisfied

p-type simultaneously
Semiconductor
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Cumulative Federal Funding: $4500K (~0.75 FTE + postdoc, average)
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Project Status

 Current status:

— 12.4% efficiency multi-
junction system, 20 hour
lifetime. A

— H, Cost: >$13/kg Eigbtrode

= Reference
Electrode Electrode

» Targets:

— 10% solar-to-hydrogen
efficiency, 10-year lifetime

— H, Cost: $3/kg
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4"#Ne=L Gallium Indium Phosphide/Electrolyte System

A 4 7 National Renewable Energy Laboratory

Used to gain a fundamental understanding of
semiconductor/electrolyte junctions

Eg=1.83eV

Band edges are
0.2-0.4 V too
negative

Band edges are
pH sensitive
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World Record Photoelectrolysis Device scence, April 17 1998.

Novel cell uses light to produce - Direct water electrolysis.
Hs at 12.4% efficiency
s *Unique tandem (PV/PEC)
design.
H
pi- *12.4% Solar-to-hydrogen
% Light
g
Q
4 4
Ohmic contact _J - Tunnel diode
Photovoltaic cell — betizigt i Th R
Photoelectrochemical
cell
Mote: mand prefer to n-and p-type semiconductors .
Cradit: Adapted with permission from Sclence, copyright 1996 AAAS EX pe rimen ta | Ce | I
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& »nrse  Comparison of p-GalnP, and PEC/PV device

2 7 National Renewable Energy Laboratory
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Additional Approaches for Bandedge

Mismatch and Stability Issues

Electrolyte
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Lower cost Fe,O, electrode is a possibility, but
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’[}'}'E,';wb, ey Laboraton ....While the System splits water, the
S S S efficiency is very low.
"g The photocurrent is limited by
: —_ response of the iron oxide. Work is
: 1 /\“ | continuing in collaboration with other

researchers (as part of our IEA
s o w e w e 1z efforts) to discover better materials.
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The goal is to shift the band edges by surface modification
to provide the proper energetic overlap.

4 Negative charges move the
bandedges negative.
CB Modification
>
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Positive charges move the
bandedges positive.
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*s»neze The work involved two series of Metallo-
Porphyrins
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Insoluble
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Tetra(N-Methyl-4-Pyridyl)porphyrin
~TMPyP(4)~

Octaethyl Porphyrin
~QEP~

Transition metal in center of porphyrin may
combine favorable properties of band edge
shifting and charge transfer.
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Band Edge Engineering - GalnP,

Vg Vs. pH for RuCl; + RUOEP Treated GalInP, Electrode

ey
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0000 4 |~ RuCi3 & RUCEP
0.200 - « Untreated

Ve
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H,0O Oxidation
Potential

The band edges here should pH
be able to split water.....but no
water splitting observed.
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Metal Ion Catalysis

All show bandedge migration
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Band edge migration is due to negative charges
accumulating at the surface — catalysis is not

A(-) sufficient — work continues.....
cosl
\ \.k'x - -
I'TzlgHz—o —————————— |:|2I— HZ—O ——————————— |:| /—H —0

Increasing Light Intensity
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Mott-Schottky Plot of Fe(IIIYTMPyP(2), pH 7

The soluble

”t

, 3.E+14
porphyrins show Untreated
large band edge D E+14 _ ]
shifts, but why = Vi = 0.221
the large o2 2E+14 R?=0.9996
change in Treated with

slope...indicates LE+4 | FeTMPYP(2)

a higher doping ~

density...? spegy Y= 1199
R?=0.9953

0.E+00 ——r T

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential, V vs. SCE
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behavior
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This phenomenon is not unique to the iron system.
Electron density is being drawn from the near surface of the semiconductor,
but the mechanism is unclear...
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SE+14 Vib = 0.220
1 2E+14 R?=0.9996 -
c2
2.E+14 Treated with -
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5.E+13 R® = 0.9966
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Potential, V vs. SCE
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Photocurrent time profile for PEC/PV Water-Splitting
device, showing current decay due to corrosion.
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ne possibility is nitride materials, an

example of which is p-GaN

p'GaN ianodic
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Colorado School of Mines

Adding indium lowers the bandgap

The band edge potentials of n-In Ga, N

are also

interesting for
high efficiency

These materials

Calculated efficiencies (ideal)

500X AM1.5D: 36%
one sun AMO: 31%

47%
38%

52%
41%

Potential vs SCE/V

= x = (.000, Eg =340eV
x=0.045,E,=3.08eV
x =0.085, Eg =2.94¢V
*x=0.140,E, =2.71eV

GalnP | | GalnP| | GalnP
=Solar Cells 1.8ev || 1.8eV || 1.8eV
GaAs GaAs GaAs
=Lighting 14eV | | 14eV | | 14eV
New New
1.0eV 1.0eV
Ge
— NN 0.7eV
4 5 6789 2 3 4 gm 1

1
Energy (eV)

production

“Future generation”

more than (I)fb'

water at low pH.

*  Indium changes Eg much

+  Changein @ o due to indium
may be pH dependent.

* n-In Ga, N should split

%

P
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WMREL National Renewable Energy Laboratory
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Other material possibilities include.....

« »NREL
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New materials - Preliminary Investigation of
GaAsPN for PEC Water Splitting Systems

with Professor Carl Koval University of Colorado at Boulder

k)
N

N

. Indirect Photoresponse ME087-2
Direct Photoresponse ME087-2

y = 0.0439x - 0.0772
R’ =0.9843
Eg=1.76 eV

y = 9E-08x - 2E-07 &/

R = 0.9926
Eg=1.88 eV

0.008

0.004

(Normalized Photocurrent)A2

0.002

Normalized photocurrentAQ.5

0
1.5E+00 1.6E+00 1.7E+00 1.8E+00 1.9E+00 2.0E+00 2.1E+00 2.2E+00 2.3E+00

Enel;g; (eV)- Energy (eV)
Electrode Direct Eg Indirect Eg
MEQ085-2 1.74 eV 1.69 eV
ME085-3 1.75eV 1.67 eV
MEO086-1 1.66 eV 1.59 eV
MEO086-2 1.69eV 1.58 eV |
Platinum
MEOQ087-1 1.88 eV 1.75 eV G;-*nmr

Electrode
MEQ87-2 1.88 eV 1.76 eV t

- Ftefalr'am:ﬂ
Electrode Electrode
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A long shot, but could be low cost....

« »NREL
New Materials - Band Gap Requirements
for Electrodeposited CIGSSe
« Dependence on sulfur 22
content noted. 21
9 2 F 37—
« However, this is 2 AT
convoluted by varying & e
concentrations of other & 7|
elements S s
:3 ::5 - Atomic % Sulfur
0B T . Possible low-cost thin-film material

o
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Results for a-Si samples with Metal-ion

light

oc-Si\C\

a-Si Cell #3 p-i-n

a-Si Cell #2 p-i-n

a-Si Cell #1 p-i-n

Ag

W

Stainless Steel

Catalysts.

Another possible low-cost thin-film material

1.8 eV

1.6 eV

1.4 eV

Alcrme 2

Hour Corresion of Triple-Junctiens with and with out

2-5iC in Acid with RuCh
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L~ wiy &SiCFacid
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whezt  DUummary of ongoing work for FY2003

National Renewable Energy Laboratory
in blue

= GalnP, - NREL (fundamental understanding)
= GaPN - NREL (high efficiency, stability)

= [nGaN - SVT Associates, NREL, (high efficiency,
stability)

= CulnGaSeS - UNAM (Mexico), NREL (Low cost)

= Multi-junction Amorphous Silicon - University of
Toledo and ECD (Low cost)

» Energetics
» Band edge control

» Catalysis
» Surface studies

'ts\
q«
Sy
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Plans for future work
Best Research-Cell Efficiencies

« Continue materials research, — il

%
S

discovery and development. e
— In,Ga,,N uf e Gt e
— GaPh T Btsulingoncs

— a-Si iy Hrer

— CulnGaSSe
— a-SiN (coating for stability)
— Others... BT

PV Manufacturing Cost/Capacity

i EnergetiCS o8 -:::-;'.ll:-LrFE.|.|-JJ;||:;r-'.-rum:ns.q
— Band-edge engineering

» Development fundamental
understanding of surface interaction

« Try treatment on other materials :
— Catalysis . I T SO W WG|
— Surface studies i v
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Collaborations and Interactions

In the US
Colorado School of Mines
University of Colorado
University of Wisconsin (Whitewater)
GM, Astropower (proposed)
Others working in this area: FSEC, Duquesne

Outside of the US
Switzerland, Mexico, Armenia, Sweden, Japan

®
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Plans

« Continue materials development.
— Nitrides
— CuGalnSSe
— a-Si

« Band-edge engineering

— Development fundamental understanding of surface
Interaction.

— Try treatment on other materials
* Increase industry interactions

®
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Conceptual Design of a Photoelectrochemical Water
Splitting System with Light Concentration

Glass or

Lueous
plexiglass Aq

elecirolyte

membrane Stainless steel of
Photoelectrochemical cells conducting plastic
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